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The  impact  of  land  width  and  channel  span  on  fuel  cell  performance  was  tested  on  50  cm2  flow  fields. 
Combinations  of  land  widths  and  channel  spans  of  0.25,  0.5  and  1.0  mm  were  evaluated.  Polarization 
curves  and  high-frequency  resistance  were  measured  for  several  humidity  levels  for  each  of  the  flow 
fields.  For  performance  at  high  current  density,  the  land  width  was  found  to  be  the  dominant  factor. 
Reductions  to  the  smallest  size  tested  (0.25  mm)  continued  to  showed  improvement  over  wider  lands. 
Adequate  land  fraction  (preferably  about  50%)  needs  to  be  provided  to  minimize  contact  resistance. 
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1.  Introduction 

Fuel  cells  for  automotive  applications  must  provide  for  the 
normal  fuel  cell  functions  and  also  meet  some  very  challenging 
requirements  for  cost,  size,  limited  heat  rejection  capability  and 
rapid  cold  starting.  One  of  the  elements  needed  for  a  fuel  cell 
is  a  separator  plate.  Based  on  cost  and  size,  the  most  favorable 
approach  is  to  use  stamped  metal  plates.  As  the  total  stack  cost 
is  scaled  by  the  needed  power,  it  is  important  to  achieve  the  high¬ 
est  power  per  material  that  is  used.  Aspects  of  the  plate  design 
that  affect  performance  (and  therefore  cost)  include:  uniform  flow 
to  each  cell  and  within  the  cells,  diffusion  distance  across  lands, 
distribution  of  humidity  within  the  cell,  removal  of  liquid  water, 
conduction  to  the  next  cell  (which  is  provided  by  the  metal  plate 
material  including  any  conductive  coatings),  and  electrode  to  diffu¬ 
sion  media  contact  over  channel  spans.  Heat  rejection,  for  a  given 
power  output,  also  requires  the  highest  possible  cell  voltage.  To 
reduce  the  stack  thermal  mass  to  improve  cold  start  time,  a  nested 
configuration  [1]  is  particularly  effective  in  reducing  coolant  ther¬ 
mal  mass  which  is  the  most  significant  portion  of  the  total  stack 
thermal  mass.  This  nested  configuration  requires  a  straight  chan¬ 
nel  layout  which  is  also  beneficial  for  minimizing  pressure  drop  and 
therefore  parasitic  compressor  loads.  Stamped  plates  limit  chan¬ 
nel  depth  based  on  metal  forming  stretch  which  increases  pressure 
drop.  To  meet  automotive  system  pressure  drop  requirements  with 
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stamped  plates,  straight  channels  are  necessary  as  they  provide  the 
shortest  possible  channel  length  for  the  required  active  area  size 
and  can  be  seen  in  several  examples  of  automotive  fuel  cells  [2-4]. 
The  system  must  allow  adequate  pressure  drop  to  ensure  good  cell- 
to-cell  and  channel-to-channel  flow  distribution  and  pressure  drop 
is  also  beneficial  towards  moving  liquid  water.  The  straight  chan¬ 
nel  configuration  is  also  suitable  for  a  cathode  to  anode  counter 
flow  arrangement  which  is  beneficial  towards  improving  inter¬ 
nal  cell  humidity  uniformity  and  therefore  performance.  Within 
this  stamped  plate  configuration,  the  remaining  design  parameters 
which  affect  performance  are  the  land  width  and  channel  span. 

As  gas  must  diffuse  under  the  lands  to  reach  the  electrode  and 
liquid  water  must  be  moved  to  the  channels,  it  is  expected  that  fuel 
cell  plates  with  narrow  lands  would  perform  better  especially  with 
regard  to  mass  transport  resistance.  Although,  for  a  half  land  width 
similar  to  the  diffusion  media  thickness,  further  reductions  in  land 
width  would  not  be  expected  to  provide  significant  performance 
benefits  as  the  diffusion  (or  water  removal)  distance  would  become 
primarily  limited  by  the  diffusion  media  thickness.  As  contact  resis¬ 
tance  also  plays  a  role  in  cell  performance,  adequate  land  area  or 
land  fraction  must  be  provided  to  achieve  low  contact  resistance 
at  an  acceptable  mechanical  load.  The  channel  spans  also  need  to 
be  narrow  for  the  diffusion  media  to  maintain  contact  with  the 
electrode  across  the  channel  span.  The  competing  aspects  of  these 
parameters  require  optimization  with  the  specific  materials  and 
operating  conditions  of  a  particular  application. 

Several  published  works  have  investigated  the  impact  of  land 
widths  and  channel  spans  on  fuel  cell  performance  [5-8].  It  was 
found  that  performance  improved  for  the  narrowest  land  width 
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tested  of  0.5  mm  [5].  Cells  with  higher  land  fractions  were  found  to 
have  the  better  performance  [6],  but  the  resistance  values  reported 
for  these  cells  were  relatively  high,  so  contact  resistance  would 
have  been  important  for  these  cell  materials,  design  and  operating 
conditions.  Novel  experiments  have  been  done  to  directly  and  inde¬ 
pendently  measure  the  performance  in  channels  and  under  lands 
[7,8].  These  studies  found  higher  performance  under  the  lands  com¬ 
pared  to  the  channels  for  wider  channels  at  higher  voltages.  The 
narrowest  channels  and  lands  studied  of  1  mm  provided  the  highest 
performance. 

This  present  study  provides  a  number  of  important  devel¬ 
opments  beyond  what  has  previously  been  reported  including: 
smaller  land  widths  and  channel  spans  to  find  higher  performance 
limits,  systematic  combinations  of  land  widths,  channel  spans, 
land  fractions  and  relative  humidity  conditions  to  infer  the  rela¬ 
tive  importance  of  each  flow  field  parameter  to  performance  over 
a  range  of  relative  humidity  conditions.  The  cell  high-frequency 
resistance  (HFR)  is  also  reported  to  gain  insight  into  performance 
differences  between  flow  field  configurations.  This  systematic  data 
set  may  also  be  suitable  for  quantifying  the  effects  of  flow  field 
parameters  and  for  use  in  fuel  cell  flow  field  model  validation. 

2.  Test  method 

Several  50  cm2  flow  field  configurations  with  a  selected  range 
and  combination  of  land  widths  and  channel  spans  from  0.25  to 
1.0  mm  as  listed  in  Table  1  were  machined  from  carbon  compos¬ 
ite  blocks.  The  channel  depth  for  each  flow  field  was  adjusted  to 
achieve  similar  pressure  drop  for  each  of  the  configurations.  The 
designed  channel  depth  needed  to  account  for  the  total  channel 
flow  area.  Some  channel  depth  adjustments  were  also  made  for  the 
smaller  channels  to  compensate  for  the  effect  of  hydraulic  diam¬ 
eter  on  pressure  drop.  The  measured  pressure  drops  (scaled  to 
1.5  A  cm-2  for  comparison  at  the  same  volume  flow  rate)  are  also 
listed  in  Table  1.  To  better  replicate  the  channel  velocity  and  pres¬ 
sure  drop  of  a  full  sized  flow  field,  a  channel  length  of  about  21  cm 
was  obtained  by  using  a  3-pass  arrangement  as  shown  in  Fig.  1. 
The  channels  were  grouped  together  to  minimize  flow  over  lands 
between  passes  as  this  over  land  flow  is  limited  in  the  straight  chan¬ 
nels  used  in  full  sized  flow  fields.  In  the  plot  legends,  these  flow 
fields  are  listed  by  land  width  followed  by  channel  span. 


For  the  diffusion  media  (DM),  SGL25BC  was  used  which  is  about 
230  |xm  thick  uncompressed,  and  was  built  to  a  fixed  compression 
of  178  |jim  which  was  set  by  the  thickness  of  the  solid  Teflon  gas¬ 
kets  that  framed  its  perimeter.  As  this  diffusion  media  thickness 
was  greater  than  half  the  land  width  of  the  narrowest  land  (half 
of  0.25  mm),  it  was  expected  that  a  performance  plateau  would  be 
observed  for  this  narrowest  land  width  as  the  diffusion  distance  to 
the  center  of  the  land  is  becoming  less  than  the  diffusion  distance 
through  the  DM  thickness.  For  the  membrane  electrode  assembly 
(MEA),  18  \im  thick  Gore  5510  membranes  were  used  which  had  a 
catalyst  loading  of  0.4  mg-Pt  cm- 2  on  both  the  anode  and  cathode 
sides. 

For  the  series  of  tests,  five  samples  of  softgoods  (DM,  MEA  and 
gasket)  were  used.  After  assembly,  compression  and  operation,  a  set 
of  these  components  became  bonded  and  could  be  reused  without 
disassembly  in  each  flow  field.  The  same  sets  of  softgoods  were 
used  for  all  flow  fields  to  ensure  differences  in  the  results  were  due 
to  flow  field  effects  and  not  softgood  variations.  For  each  softgood 
sample,  the  run  order  of  the  flow  fields  was  randomized.  The  results 
for  each  flow  field  at  each  test  condition  were  averaged  for  all  sets 
of  softgoods  and  repeated  tests  to  minimize  the  impact  of  softgood 
variation  and  test  repeatability  on  the  flow  field  effects. 

The  fuel  cells  were  operated  at  ambient  outlet  pressure  with 
a  stoichiometry  of  2.0  and  an  inlet  relative  humidity  of  50%  for 
both  the  anode  and  cathode  and  were  configured  in  a  counter¬ 
flow  orientation.  A  range  of  operating  temperatures  of  50,  70  and 
80  °C  were  tested  to  evaluate  the  impact  of  outlet  relative  humidity, 
which  were  about  1 73, 91  and  73%,  respectively,  to  cover  a  range  of 
membrane  humidification  levels.  A  range  of  relative  humidity  was 
included  to  understand  the  interaction  with  flow  field  parameters, 
performance  sensitivities  and  as  operating  conditions  are  limited 
by  system  capabilities  such  as  hot  and  dry  operation  due  to  lim¬ 
ited  heat  rejection  capability  and  cold  and  wet  operation  during 
a  cold  start.  The  outlet  relative  humidity  was  based  on  the  com¬ 
bined  outlets  of  both  anode  and  cathode.  Relative  humidity  cannot 
exceed  100%,  so  calculated  values  above  this  indicate  the  amount 
of  liquid  water  produced  or  can  be  used  infer  of  the  fraction  of 
the  active  area  that  is  in  excess  of  100%  relative  humidity  where 
liquid  water  may  inhibit  gas  mass  transport.  For  the  173%  out¬ 
let  relative  humidity  conditions  with  50%  inlet  relative  humidity, 
(1 73-1 00)/(l  73-50)  =  59%  of  the  active  area  is  above  100%  relative 
humidity  -  although  with  counter-flow  and  humidity  exchange 
between  the  anode  and  cathode,  this  region  would  be  larger.  Con¬ 
stant  cell  voltages  of  0.65,  0.60,  0.55,  0.5  and  0.4  were  tested  to 
determine  the  cell’s  current  density  performance  capability.  Con¬ 
stant  voltage  operation  was  used  at  higher  power  as  it  was  not 
known  prior  to  testing  what  current  density  performance  capabil¬ 
ity  each  flow  field  would  have.  A  low  power  point  at  a  fixed  current 
density  of  0.2  A  cm-2  was  also  run.  The  test  stand  also  provided 
high-frequency  resistance  (FIFR)  at  1  kFIz  which  was  useful  towards 
interpreting  some  of  the  results. 


3.  Results  and  discussion 

The  polarization  curves  (cell  voltage,  V,  vs.  current  density,  i) 
and  FIFR  (open  symbols  and  dashed  lines)  for  all  of  the  flow  fields 
are  shown  in  Figs.  2-4  for  50, 70  and  80  °C  conditions,  respectively. 
A  smaller  symbol  size  was  selected  for  the  smaller  land  widths,  and 
a  common  symbol  shape  was  selected  for  each  of  the  land  fractions 
(even  for  different  land  widths)  to  facilitate  interpretation  of  the 
plots.  These  data  show  the  strongest  effect  of  land  width  on  perfor¬ 
mance.  The  flow  fields  with  narrower  land  widths  produced  higher 
current  densities  for  all  cell  voltages  at  all  operating  conditions.  This 
difference  is  most  pronounced  at  higher  current  densities  and  wet¬ 
ter  conditions  where  mass  transport  resistance  becomes  important 
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Table  1 

Details  of  the  flow  fields. 


Flow  field 

Land  width  (mm) 

Channel  span  (mm) 

Channel  depth  (mm) 

Number  of  channels 

Land  fraction 

Pressure  drop  (kPa)a 

0.25-0.25 

0.25 

0.25 

0.34 

48 

0.50 

21.5 

0.25-0.5 

0.25 

0.50 

0.25 

32 

0.33 

25.6 

0.5-0.25 

0.50 

0.25 

0.44 

32 

0.67 

21.6 

0.5-0.5 

0.50 

0.50 

0.28 

24 

0.50 

29.3 

0.5-1.0 

0.50 

1.00 

0.23 

16 

0.33 

23.4 

1. 0-0.5 

1.00 

0.50 

0.44 

16 

0.67 

13.6 

1.0-1.0 

1.00 

1.00 

0.28 

12 

0.50 

25.3 

a  Pressure  drops  were  scaled  to  1.5  A  cm-2  volumetric  flow  rates. 


Current  density  /  A  cm-2 

Fig.  2.  Cell  voltage  and  cell  resistance  at  50  °C. 


Fig.  3.  Cell  voltage  and  cell  resistance  at  70  °C. 
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Fig.  4.  Cell  voltage  and  cell  resistance  at  80  °C. 


Land  fraction  /  - 


Fig.  5.  Cell  resistance  vs.  land  fraction  and  channel  span  at  0.2  A  cm-2  and  50  °C. 


(where  the  polarization  curves  start  to  “droop”)  due  to  the  diffu¬ 
sion  resistance  (distance)  under  wider  lands  and  due  to  the  water 
within  the  DM  under  wetter  conditions. 

The  highest  performance  was  achieved  at  70  °C  (or  about 
91%  outlet  relative  humidity)  conditions.  The  optimum  operating 
condition  is  a  balance  between  membrane  hydration  for  proton 
conductivity  and  mass  transfer  resistance  due  to  condensed  water. 

There  is  also  an  interaction  between  land  fraction  and  operating 
conditions  where  smaller  land  fraction  flow  fields  (triangle  sym¬ 
bols)  performed  better  at  limiting  currents  (low  voltages)  under 
wetter  conditions  (50  °C),  but  had  lower  performance  than  the 
larger  land  fraction  flow  fields  at  drier  conditions  (70  and  80  °C).  At 
higher  voltages  and  drier  conditions,  larger  land  fraction  flow  fields 
performed  better  than  smaller  land  fraction  flow  fields  for  equiv¬ 
alent  land  widths  as  contact  resistance  becomes  more  important 
than  mass  transport  resistance  although  these  differences  were 
small. 

Due  to  contact  area  and  compression,  flow  fields  with  lower  land 
fractions  and  wider  channel  spans  had  higher  HFR  (which  reduced 
performance).  The  0.5-1 .0  land-channel  flow  field,  which  had  both 
lower  land  fraction  and  wider  channels,  was  considerably  higher  in 
HFR.  These  trends  are  more  clearly  illustrated  in  Fig.  5  which  shows 
the  HFR  values  at  0.2  A  cm-2  for  the  50  °C  condition.  The  wettest 
condition  was  selected  to  better  isolate  the  effects  of  electrical 
resistance  from  membrane  proton  resistance  which  is  higher  under 
drier  conditions.  Increases  in  HFR  were  expected  due  to  reduced 
contact  area  between  the  DM  and  flow  field  for  lower  land  fractions 
and  due  to  reduced  contact  pressure  to  the  MEA  across  wider  chan¬ 
nel  spans.  However,  the  strong  interaction  between  channel  span 
and  land  fraction  was  not  expected.  Similar  behavior  was  observed 
in  [6],  where  the  flow  field  with  the  widest  channel  span  at  low  land 
fraction  had  considerably  higher  HFR  than  the  other  flow  fields.  The 
cells  for  the  present  study  were  built  with  fixed  displacement  gas¬ 
kets,  so  this  may  have  limited  the  compressive  load  for  a  flow  field 


S.G.  Goebel  /  Journal  of  Power  Sources  196(2011)  7550-7554 


7553 


Fig.  6.  IR-free  cell  voltage  (V+ix  HFR)  at  50  °C. 


Fig.  7.  IR-free  cell  voltage  (V+  i  x  HFR)  at  70  °C. 


Fig.  8.  IR-free  cell  voltage  ( V+ix  HFR)  at  80  °C. 


with  a  low  land  fraction.  Higher  compression  loads  could  be  used  to 
compensate  for  a  flow  field  with  a  low  land  fraction,  but  it  is  unde¬ 
sirable  for  the  local  compressive  strain  to  exceed  the  DM  material 
strength  and  cause  local  DM  fiber  damage. 

To  better  isolate  the  impact  of  mass  transport  resistance  due 
to  land  width,  the  HFR  loss  ( V+ix  HFR)  was  removed  as  shown 
by  the  IR-free  cell  voltages  in  Figs.  6-8  for  50,  70  and  80  °C  con¬ 
ditions,  respectively.  The  relative  mass  transport  performance  of 
lands  and  channels  can  be  inferred  from  the  performance  differ¬ 


Fig.  9.  Cell  voltage,  power,  heat  generation  and  membrane  to  flow  field  temperature 
difference  estimate  at  70  °C  for  the  0.5-1. 0  land-channel  flow  field. 


ences  between  different  land  fractions  for  each  land  width.  Under 
wetter  conditions,  the  lower  land  fraction  flow  fields  performed 
much  better  indicating  increased  mass  transport  resistance  under 
the  lands  for  wetter  conditions.  The  performance  differences  due  to 
land  fraction  were  much  smaller  under  drier  conditions  as  demon¬ 
strated  in  Figs.  7  and  8. 

There  were  also  some  interesting  and  unexpected  trends  in  HFR 
vs.  current  density  especially  for  the  drier  conditions  where  the  HFR 
values  initially  dropped  and  then  increased  considerably  at  higher 
current  densities  (lower  voltages).  The  initial  drop  may  be  due  to 
the  increased  rate  of  water  production  with  current  density  which 
humidifies  the  membrane  under  these  dry  conditions.  However, 
at  even  higher  current  densities  and  lower  cell  voltages,  the  heat 
generation  increases  at  a  rate  faster  than  the  water  production.  At 
higher  heat  generation  rates,  the  membrane  becomes  much  hot¬ 
ter  than  the  flow  field  temperature  (over  6°C  for  the  conditions 
shown  in  Fig.  9).  The  net  effect  could  be  a  reduction  in  local  relative 
humidity  causing  membrane  drying  and  an  increase  in  HFR. 

The  information  presented  here  can  be  used  to  optimize  a  fuel 
cell  plate  design.  For  automotive  applications,  the  vehicle  heat 
rejection  capability  is  limited,  so  the  fuel  cell  cannot  be  continu¬ 
ously  operated  at  its  peak  power  capability  but  is  limited  to  about 
0.55  V  at  the  end  of  life  or  about  0.6  V  at  the  beginning  of  life 
depending  on  the  anticipated  voltage  degradation.  As  an  exam¬ 
ple,  the  performance  for  the  0.5-1. 0  land-channel  flow  field  at 
70 °C  is  shown  in  Fig.  9  where  the  power  (i  x  V),  heat  generation 
(i  x  (1.25  -  V))  and  membrane  to  flow  field  temperature  difference 
estimate  are  also  included.  For  the  membrane  to  flow  field  tem¬ 
perature  difference  estimate,  a  combined  diffusion  media  bulk  and 
contact  resistance  of7.6cm2KW_1  was  used  [9].  Although  smaller 
land  widths  and  narrower  channel  spans  would  be  preferred,  this 
flow  field  was  selected  as  it  probably  best  represents  what  can  typ¬ 
ically  be  achieved  for  automotive  size  stamped  metal  plates.  The 
70 °C  condition  was  selected  as  this  condition  (relative  humidity) 
had  the  highest  performance.  For  vehicle  applications,  higher  pres¬ 
sures  are  typically  used  to  allow  higher  operating  temperatures  at 
similar  relative  humidities  where  the  performance  is  maximized. 
This  configuration  achieved  peak  power  at  about  1.7  A  cm-2  or 
0.5  V,  but  the  design  selection  would  need  to  be  optimized  for 
performance  levels  near  0.6  V  to  be  within  allowable  vehicle  heat 
rejection  capabilities.  Even  at  0.6  V,  configurations  with  narrower 
lands  (and  the  same  land  fraction  or  resistance)  had  higher  per¬ 
formance  indicating  that  mass  transfer  is  important  under  these 
conditions.  As  the  cell  voltage  is  driven  below  about  0.6  V,  the 
heat  generation  rate  exceeds  the  power  generation  rate  and  rapidly 
increases  at  higher  current  densities. 
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Fig.  10.  Current  density  vs.  land  width  and  land  fraction  at  0.6  V  and  70  °C. 


4.  Conclusions 

For  performance  at  high  current  density,  the  land  width  was 
found  to  be  the  dominant  factor.  Reductions  in  land  width  to 
the  smallest  size  tested  (0.25  mm)  continued  to  show  improve¬ 
ment  over  wider  lands.  Adequate  land  fraction  (preferably  about 
50%)  was  needed  to  provide  low  contact  resistance.  Therefore,  the 
use  of  narrow  lands  to  improve  performance  also  requires  nar¬ 
row  channels  to  provide  an  adequate  land  fraction.  It  was  also 
found  that  channel  spans  should  not  be  too  large  (more  than 
about  1.0  mm),  especially  at  lower  land  fractions,  as  this  caused 
an  undesirable  increase  in  HFR.  There  was  also  an  interaction 
between  land  fraction  and  operating  conditions  where  flow  fields 
with  smaller  land  fractions  performed  better  at  limiting  currents 
under  wetter  conditions,  but  had  lower  performance  than  larger 
land  fraction  flow  fields  at  drier  conditions.  The  results  presented 
here  can  be  used  to  evaluate  the  performance  sensitivities  to  land 
widths  and  channel  spans  in  order  to  optimize  a  fuel  cell  plate 
design. 


The  performance  capabilities  at  0.6  V  at  70  °C  as  a  function  of 
land  width  for  the  tested  land  fractions  are  shown  in  Fig.  10.  This 
figure  more  clearly  illustrates  the  performance  sensitivities  to  land 
width  and  land  fraction.  The  performance  increased  consistently  to 
the  smallest  land  width  tested  (0.25  mm),  so  a  performance  plateau 
was  not  observed  even  though  the  diffusion  distance  through  the 
DM  thickness  is  becoming  the  longer  than  half  the  land  width 
needed  to  diffuse  to  the  MEA  under  the  center  of  the  land.  Fligher 
land  fractions  also  had  an  improvement  in  performance  due  to  the 
reduction  in  contact  resistance.  It  should  be  noted  that  to  achieve 
narrow  lands  while  retaining  higher  land  fractions  requires  that 
the  channels  also  be  narrow.  Narrower  channels  would  increase 
pressure  drop.  In  this  study,  the  channel  depth  was  increased 
to  compensate  for  this  increase  in  flow  resistance.  Flowever,  in 
stamped  plate  flow  fields,  the  channel  depth  is  limited  by  metal 
forming  limits.  From  a  system  perspective,  the  increase  in  per¬ 
formance  from  narrower  lands  and  channels  would  need  to  be 
compared  against  the  increase  in  parasitic  compressor  power  to 
select  the  overall  optimum  configuration  for  the  specific  plate 
design  and  system  operating  conditions. 
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